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The  Mechanism  of  Deflagration  of  Pure  Ammonium  Perchlorate * 

Raymond  Friedman,  Joeaph  B.  Levy,  and  Keith  E.  Rumbel 

Atlantic  Research  Corporation 
Fairfax  County,  Virginia 

I.  SUMMARY: 

Results  of  new  deflagration  experiment*  with  ammonium  per¬ 
chlorate,  both  pure  and  catalysed,  have  b»en  pre Rented.  These  include 
studies  of  rates  of  deflagration,  preesure  limits  of  deflagration,  sur¬ 
face  temperature,  and  effecto  of  incident  radiation  or.  deflagration. 

These  and  previous  results  have  been  interpreted  in  terms  of  a  tentative 
qualitative,  model  of  the  def lagLatien  prc-cees,  summarized  below, 

TliO  crystalline  ammonium  perchlorate  sublimes  to  ammonia  and 
perchloric  acid  vapors  by  an  endothermic  process.  Heat  is  generated  in 
a  gar.-phase  oxidation-reduction  process  perhaps  cia  (3D  mean  free 

paths)  above  the  surface,  at  IOC  atm.  The  final  tomparaturo  is  about 
930  C  and  the  surface  temperature  is  one  or  two  hundred  degrees  cooler. 
Heat  is  conducted  back  through  this  thin  layer  to  gnonlv  t'h«  energy 
for  n*o!;aating  and  vaporizing  the  crystal.  The  propagation  r«to  is 
governed  primarily  by  the  rate  of  h<u>t  generation  in  the  gas  phase  and 
the  thermal  conductivity  of  the  gaseous  layor  Just  abov^  the  surface. 

The  low-pressure  flammability  limit  is  caused  by  radiative 
heat  I08B  to  the  surroundings,  while  the  previously  reported  high- 
pseaauie  limit  Is  caused  by  convective  heat  loco  eed  may  bo  eliminated  by 


.V.  " 

This  research  vaa  supported  by  the  United  States  Air  Force  through 
the  Air  Force  Office  of  Scientific  Research  of  tha  Air  Research 
and  Development  Ccmmand,  under  Contract  No.  AF  13(600)-150R.,  Re¬ 
production  in  whole  ov  in  part  i.o  permitted  for  any  purpose  of  the 
United  States  Government. 
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suitable  shielding  of  the  sample.  Catalysts  accelerate  the  burning 
rate  by  projecting ,  from  the  sur£ace  into  the  thin  gaseous  reaction 
zone  and  producin';  local  acceleration  o'  reaction  rate.  Very  low 
concentrations  of  catalyst,  however,  act  primarily  to  reduce  flam¬ 
mability  by  raising  the  lower  pressure  limit,  because  the  catalyst 
increases  the  ewissivity  of  the  burning  surface  and  hence  the  rata 
of  radiant  heat  lose.  ts. 

The  foregoing  model,  while  probable,  is  not  rigorously  es¬ 
tablished,  and  is  presented  at  this  time  pertly  to  stimulate  further 
research. 

II.  1OTR0DUCT  ION ; 

Experiments  (i)  have  shown  that  at  certain  ambient  conditions 
a  steady  deflagration  wave  will  propagate  through  pure  ammonium  per¬ 
chlorate  which  has  ‘r-oen  pressed  into  au  easeutlally  void-free  pellet. 

TV*  rate  of  propagf tioo  ver  this  process  at  typical  rocket  pressures 
i*  of  the  same  orf'er  of  magnitude  as  the  burning  rata  of  many  ammonium 
perchlorate-oxidi ccd  solid  propellants,  eo  the  anry>*'  o  perchlorate  de- 
cemposition  flamr  may  well  exert  a  controlling  influence  on  propellant 
burning  rates.  Evidence  of  the  interrelation  between  the  decomposition 
flame  and  the  propellent  flame  nay  be  adduced  from  data  showing  variation 
of  composite  propellant  burning  rate  with  pressure,  ammonium  perchlorate 
particle  size,  and  catalyst;  or  inhibitor  effects.  Such  discussion  will 
bo  pretented  in  another  paper  no.  in  preparation.  The  present  paper 
it  concerned  with  deductions  ir  rogard  to  the  mechanism  of  the  ammonium 
perchlorate  decomposition  flame,  which  are  based  largely  oa  new  ex¬ 
perimental  findings  reported  below. 

HI.  EXPERIMENTAL  RESULTS: 

Certain  experimental  findings  in  regard  to  t«a  deflagration 
of  pure  and  catalyzed  ammonium  perchlorate  have  been  previously  .re¬ 
ported  (l).  Further  results  arc  describee  ..ere. 
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A.  Pressure  Limits  and  Catalyst  Effects 

Figure  1  is  the  curve  of  deflagration  rata  vs  pressure 
curve  for  pressed  pellets  of  aastrilum  perchlorate  4  mm  square  and 
38  ram  long,  burned  at  essentially  constant  pressure  in  a  nitrogen 
atmosphere.  The  propagation  was  downward;  no  inhibitor  was  needed 
on  the  sides  of  the  samples  to  prevent  the  formation  of  u  conical 
burning  surface. 

The  lower-pressure  limit  was  previously  reported  as  4S  atm. 
In  the  present  tests  a  ouch  more  efficient  ignition  technique  was 
uaed,  which  consisted  of  an  energetic  propellant  mixture  instead  of 
a  hot  wire,  and  the  lower  limit  was  accordingly  extended  to  22  aim. 
The  present  lower-limit  value  is  believed  to  be  independent  of  ,.g- 
nition  energy,  since  specimens  Ignited  at  the  limit  pressure  with 
the  present  powerful  ignitor  would  often  burn  partially  before  ex¬ 
tinction.  Experiment j  have  also  oiiown  that  the  lower  limit  is  in¬ 
sensitive  to  sample  size  and  to  the  substitution  of  helium  for 
nitrogen  as  the  ambient  atmosphere. 

In  previous  tests  an  upper-pressure  limit  of  about  250  atm 
was  found.  More  recent  tests  with  samples  Ignited  on  a  deeply  re¬ 
cessed  surface  and  with  standard-site  asbestos*  wrapped  samples  have 
shown  that  this  effect  was  due  to  convective  cooling,  which  becomes 
increasingly  effective  with  increasing  pressure.  Figure  1,  In  con¬ 
trast  to  previously  reported  data  (l),  shows  that  deflagration  tate 
increases  with  increasing  pressure  at;  least  to  3^  atm,  the  limit  cf 
the  apparatus.  The  high-pressure  data  points  on  the  curve  wore  taken 
with  asbestos-wrapped  sv.  L^ans. 

Some  of  the  uui  sual  effects  of  the  addition  of  copper 
chromite  powder  (Harshav  Chemical  Company,  Co-020?^  on  the  lower 
pressure  limit  were  previously  described  (1).  Small  aaditions  raised 
the  limit,  while  large  additions  lowered  it.  Purther  systematic  ex¬ 
periments  concerning  the  effect  of  additive  concentration  on  pressure 
limits  have  now  been  made  down  to  very  low  catalyst  concentrations. 
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the  cora  efficient  Ignition  technique  being  used,  with  results  so  shown 
in  Figure  2.  The  copper  chromite  powder,  the  weight-average  particle 
size  of  which  was  8.5  microns,  was  mechanically  nixed  with  ammonium 
perchlorate  and  the  nixture  was  procsad  into  pellets  at  50  ton*  per 
square  inch.  Additions  of  as  little  ao  one  part  in  20,00'*  ere  c.uf- 
ficient  to  raise  the  lower-limit  pressure  four-fold,  The  effect  is 
maximized  al:  threa  parts  per  thousand  of  catalyst.  Above  this  level, 
both  tha  upper  end  the  lower  pressure  limits  widen.  A  cross-plot  is 
shown  .In  Figure  3  of  tha  deflagration  rate  vs  additive  concentration 
at  2D 4  atm,  e  pressure  at  which  burning  w&*  obcainabla  at  ali  concen 
orations  (cf.  figure  2).  Dof la  graft  ten  .at*  is  escontially  iad*^p«RdoP.t 
of  catalyst  level  up  to  ossa  part  per  thousand  ami  then  rapidly  increases 
at  higher  concentrations.  It  should  ba  noted  that  three  effects  »  iaeraace 
of  uppor  pressure  limit,  decrease  of  lower  pressure  limit,  and  Iccrac-ca 
of  deflagration  rate  -  all  occur  at  about  the  sane  catalyst  level. 

At  high  catalyst  levels  (4  parts  per  100  parts  mixture)  t*u: 
deflagration  rate  maximises  and  then  decreases  sharply  with  turrher 
additions.  The  catalyst  perhaps  may  act  as  a  dllueo;  at  z.rsi.  cuacen- 
trations.  The  lower  pressure  limit,  surprisingly,  continues  to  decre  <o 
up  to  40  parta  of  catalyst  par  100  parts  of  mixture. 

The  data  shown  in  Figure  2  were  obtained  with  specimens  of 
4  ran  square  cross-section  and  downward  propagation.  The  uppar  rresaure 
limit,  at  least,  is  known  to  bo  strongly  affected  by  iae  and 

geometry,  ao  tha  results  in  Figure  2  are  mainly  of  interest  Insofar  as 
they  indicate  treads  in  combustion  behavior,  and  quantitative  conclusions 
should  nut  be  drawn  solely  from  these  limits. 

B.  Surfaca-Tcnparatura  Studies 

Photographs  have  been  taken  of  the  reacting  surface  of  defla¬ 
grating  specimens  of  ammonium  perchlorate  by  means  of  infra-rad  (sensitive 
film.  This  radiation  ia  obviously  the  sum  of  tharmal  emission  from  the 
3**rfaca  and  chemiluminescence  (if  any).  Assignment  of  a  value  for  the 
surface  temperature  from  danaitocsefcrir  measurements  of  such  photographs 
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depends  on  the  asjunpt ions  made  for  th/-  ratio  of  chemiluminescence  to 
thermal  radiation  and  tnr  the  surface  amissivlty.  If  the  minimum  con¬ 
ceivable  values  are  assuaud  .‘:or  these  two  unknown  quantities,  one  then 
may  obtain  an  upper  llrr.t.sr.  for  the  surface  temperature.  If  this  is 
found  to  be  subs  taut  if./  Ly  below  the  measured  final  gas  temperature, 
then  a  significant  conclusion  may  be  drawn. 

The  phetugr*  ilia  wera  taken  through  the  window  of  a  tea.  bomb 
at  500  pel,  the  burnt**  eovetee  making  an  angle  of  approximately  45 
degreoo  with  the  opt;{/.  til  axis,  with  photographic  conditions  as  follows: 
exposure,  1/100  sec;  ratio  of  image  distance  to  lens  diameter,  4,2; 
film,  Kodak  High-Speed  Infra-Red;  filter.  Corning  No.  7“6?*  The  filter 
cuts  off  below  JJUy)  ^ingatrcm  units,  while  the  film  sensitivity  curve 
peaks  at  8100  aud  hi  a  dropped  a  factor  of  ten  at  9100  Angstrom  units. 

The  strands  were  t  sun  square,  and  the  burning  rate  was  such  thr .  Lho 
surface  regressed  about  30  microns  in  1/100  sac end.  Calibration  was 
obtained  by  phe  :ographin3  an  electrically  heated  rod  c£  Swaouitsu  tem¬ 
perature  and  r.<oun  emiaoivity  through  the  same  window.  Further  details 
are  presented  '.a  Appendix  A. 

By  d< ns i tome trio  measurements  of  photographs  obtained  by  this 
procedure,  an  vpper  limit  for  the  surface  temperature  was  calculated. 

The  emis8ivity  was  taken  to  be  0.2,  a  reasonable  low-limit  estimate, 
ci tea  measured  total  emisslvities  of  a  list  of  13  nonmotallic  solids 
at  800 °C  are  all  above  thic  value  (2).  The  Inter  limit  for  chemilumi¬ 
nescence  is  obviously  zero.  On  this  basis,  and  vlth  the  use  of  Planck's 
law,  the  upper-limit  value  for  surface  temperature  was  computed  to  be 
6j .6  ±  5~c, 

This  result  is  based  od  radiation  In  the  spectral  range  7100- 
9100  Angstrom  units.  Other  c^qjariuie.ifcs  with  different  film  and  filters 
in  the  spectral  range  60OO-675O  Angstrom  units  pave  an  upper-limit 
temperature  about  IjOO  decrees  higherc  An  even  higher  apparent  tom- 
perature  wag  obtained  when  the  entire  vielbie  epeetrsnn  was  utilized. 

This  may  mean  that  there  ic  a  chemiluminescent  component  in  the  visible 


-  6  - 


*{UTIC  nriKAUCH  C CORPORATION 
AL  C  X AN  CiR  I  A,  VI R  R I  N  I A 

part  of  tbs  spectrum.  Visual  observation  in  a  darkened  room  revealed 
a  reddish  glow  from  the  spontaneously  reacting  surface  and  a  such 
fainter  pinkish  glow  f ran  the  product  gases*  Gaydon  (3)  reports  an 
anmonla  alpha-band  due  to  NH^  which  emits  prominently  In  the  red  for 
Hg/HgO  flames  and  which  may  be  involved  In  this  situation* 

Thfiert  considerations  notwithstanding,  the  surface  temperature 
must  be  below  811$  ±  5*Cf  unless  the  emleslvlty  is  somehow  below  C*£* 

The  product-gas  tsxperature  at  $00  pel  baa  been  measured  with  thermo¬ 
couples  as  932  ±  7°C  (l)«  It  Is  clearly  indicated,  therefore,  that 
the  temperature  rises  at  least  by  100*C  because  of  exothermic  gas-phase 
reactions. 

Ibis  conclusion  would  be  invalidated  if  substantial  absorption 
of  the  emitted  radiation  by  the  product  gases  occurs.  The  absorptivity 
of  water  vapor,  a  prominent  constituent,  is  well  known  (4,5).  A  calcu¬ 
lation  shows  that  absorption  by  water  vapor  in  the  spectral  region  under 
;  consideration  is  entirely  negligible,  for  the  present  geometry*  It  does 

not  seem  likely  that  any  otlmr  species  to  be  expected  in  high  concentration 

in  the  product  gases  could  absorb  strongly  enough  to  cr”?3  difficulty. 

J 

Another  possible  objection  is  that  the  effective  surface 
omissivlty  of  the  ammonium  pcrchlornta  may  be  abnormally  low  because  of 
the  steep  temperature  gradient  just  below  the  surface*  On  the  other 
hand,  the  known  local  roughness  of  the  reacting  surface  should  tend  to 
increase  the  effective  omissivlty* 

L.  summary,  the  observations  reported  herein  strongly  suggest 
that  the  deflagration  of  ammonium  perchlorate  involves  a  substantial  con¬ 
tribution  from  the  gas  phase. 

A  previously  reported  attempt  to  measure  surface  t«mp»r«tur“ 
of  deflagrating  ammonium  perchlorate  (6)  vna  unsuccessful  because  it  was 
not  possible  to  fabricate  sufficiently  small  thermocouples. 
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C.  Effect  of  Added  Radiation  cr.  Surging  Sate 

Arnouium  perchlorate  will  net  normally  deflagrate  below  22 
atmospheres.,  However,  a  radiant-heating  apparatus  chcwn  in  Figure  4 
wca  found  t>  produce  conditions  permitting  steady  deflagration  at 
atmospheric  pressure c 

Via  radiant-heat  source  io  a  2000-watt  projection  lamp  having 
a  coiled  tungsten  filament  with  an  effective  area  of  1  era  square,  operated 
at  a  slight  overvoltage.  A  pair  of  front-surface  paraboloidal  mirrors 
forms  thn  optical  system.  Tha  first  mirror  has  a  dJjmuotar  of  11  iacltiri 
and  an  f- number  of  O.juL,  the  second  a  diameter  of  12.5  inches  and  an 
f-number  of  O.bQ.  Tha  system  has  been  calibrated  with  a  radiant-flux 
meter  which  consists  of  a  blackened  cavity  in  an  externally  insulated 
copper  block,  the  temperature  r.aa  of  which  may  ba  followed.  It  has  been 
possible  to  achieve  an  lrradiance  up  to  2D  cal/sq  cta-sec  with  this  eyetem. 

Ammonium  perchlorato  pellets  of  4  wm  square  cross  section  and 
38  mm  long  are  fed  horizontally  into  the  focal  point  of  the  radiation 
apparatus  from  a  tube  water- Jacketed  to  prevent  radiant  heating  of  the 
sides  of  the  specimen.  Pure  ammonium  perchlorate  Ignites  in  <>.  few 
seconds  and  continues  to  deflagrate  as  long  as  an  adequate  radiant  flu., 
is  maintained.  Below  about  10  cal/sq  cm-sec,  deflagration  can  neither 
L«  produced  nor  maluiained,  although  very  slow  sublimation  occurs. 

Figure  5  shews  the  variation  of  the  radiation- induced  deflagration  rate 
with  radiant  intensity.  The  deflagration  rate  was  taken  as  the  feeding 
rate  necessary  to  yield  steady-state  deflagration  at  the  tube  opening. 

For  pure  ammonium  perchlorate  there  is  a  critical  radiation 
level  (ID  cal/sq  cm-sec,  as  shown  in  Figure  5)  below  which  only  slow 
aubl  lination  occurs  and  abrve  which  deflagration  occurs.  The  deflagration 
rate  is  essentially  linear  with  radiation  flux,  and  extrapolates  to  a 
finite  rate  at  zero  radiant  flux. 

Addition  of  catalyst  profoundly  Increases  the  deflagration 
rate  and  reduces  the  threshold  flux  required  for  ignition.  The  inter¬ 
cepts  at  Kero  radiant  flux  for  the  throe  curves  with  0,  0.5  and  3.0 
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per  cent  Cu-02D2  catalyst  increase  in  tha  ratio  1:1.9: 3.1,  whil/*  the 
slo pea  increase  in  the  ratio  1:4:13.  Tb“  increase  in  the  Intercept 
values  may  be  a  measure  of  the  chemical  augmentation  of  deflagration 
rate  by  the  catalyst,  while  the  greater  inr.reu>t*r  oi  elope  with  in- 
crensing  catalyst,  concentration  rzay  include  this  effect  and  eleo  the 
greater  absorptivity  of  the  svrface  for  radiation  when  catalyst  ia 
present.  Ho  method  has  been  devised  for  measuring  the  surface  re¬ 
flectivities  under  actual  deflagration  conditions,  but  case  crude 
measurements  of  reflectivities  ac  room  temperature  have  yielded  re¬ 
sults  as  follows; 


* 

,f 


Specimen 
Pure  HR^ClOj 

NHjClO^  +  0.516  Cu-02D2 

HH^CIO^  +  3.05t  Cu-0202 


Reflectivity 

O.63 

0.32 

0.21 


Presumably  the  same  trend  of  decrease  in  reflectivity  with  increasing 
catalyst  level  exists  at  deflagration  conditions,  so  the  higher  dependence 
of  the  slopes  of  Figure  5  ou  the  catalyst  level  may  be  in  part  attributable 
to  this  affect.  It  is  also  possible  that  a  ’Vorm-holing"  effect  is  in¬ 
volved  as  the  radiant  energy  penetrates  the  translucent  perchlorate  and 
is  absorbed  by  the  catalyst  particles.  A  similar  effect  has  been  dia- 
cussAd  for  dccbla-bae*  •'■^opollants  (7). 

A  number  cf  radiation- Induct  id  deflagration  experiments  with 
other  additives  have  been  carried  out,  the  results  being  generally  similar 
to,  but  not  as  striking  as,  those  with  copper  chromite.  An  experiment 
with  a  three  per  cent  addition  of  magnesium  oxide  was  noteworthy,  as  the 
radiation-ln'hiced  combustion  was  associated  with  a  fusion  of  the  specimen. 
Some  of  the  material  burned  and  the  rest  ran  down  the  side  of  the  ap¬ 
paratus  and  resolidified.  Addition  of  either  calcium  oxide  or  magnesium 
perchlorate  to  ammonium  perchlorate  led  to  a  similar  effect.  It  is 
postulated  that  under  pre-deflagration  conditions  the  magnesium  oxide 
or  calcium  oxide  is  converted  to  the  corresponding  perchlorate,  which 
forms  a  meltable  eutectic  with  ammonium  perchlorate. 
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DISCUSSION  Qg  LOWER  PRESSURE  LIMIT: 

Spalding  (8)  and  Mayer  (9)  have  Independently  shown  that  a 
nonadlabatic  gaseous  flame  must  possess  a  sharp  flammability  limit 
which  Is  reached  by  progressive  change  of  any  Independent  variable 
which  reduces  tho  flame  temperature ,  as  long  as  the  rate  of  heat  loes 
dees  not  vary  as  rapidly  with  a  change  of  flame  temperature  as  does 
tho  rate  of  heat  generation.  Their  mechanism  involvea  the  following 
sequence:  flame  temperature  is  dropped  slightly;  react iou  rate  de¬ 
creases;  deflagration  rate.  deersaaas  and  flame  gats  thicker;  heat 
from  reaction  zone  becomes  a  larger  fraction  of  heat  generation,  and 
this  further  lowers  flame  temperature;  the  reaction  rate  decrease8 
further,  etc.  The  situation  eventually  either  stabilizes  at  a  reduced 
combustion  intensity  or  the  flame  goes  out,  depending  on  the  numerical 
parameter <.  It  is  proponed  that  this  mechanism  is  broadly  applicable 
to  the  lower  pressure  limit  of  ammonium  perchlorate. 

Pot  deflagrating  ammonium  perchlorate,  the  rate  of  radiant 
heat  loss  from  the  hot  solid-gia  interface  is  essentially  preasuve- 
independent  while  the  deflagration  rate,  and  henco  tne  over-all 
of  heat  generation  decreares  with  decreasing  pressure.  Hence,  reduction 
of  pressure  must  produce  t  lowering  of  flame  temperature,  and  at  soma 
critical  point  the  flame  is  weak  enough  that  extinction  cm  wcur  by  a 
Spalding-Mayer  instability  of  the  gas-phase  fltsa. 

Supporting  evidence  of  three  kinds  may  be  cited  to.  .is  view: 

I.  It  this  theory  is  correct,  precooling  of  the  sample  below  room 
temperature  should  reduce  the  flame  temperature  as  effectively  as  tho 
low-pressure  radiant  heat-loss  mechanism,  and  precooled  strands  should 
be  nonflammable  even  at  high  pressures.  Oa  cooling  to  minus  l8*C,  it 
was  indeed  found  that  ignition  could  not  be  obtained  at  any  pressure  up 
to  270  atm  (l). 

II.  The  theory  Implies  that  addition  of  external  radiant  energy 
should  promote  f laasnability.  It  har,  been  found  that  stable  atmospheric 


i 
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flammability  is  obtainable  when  a  radiant  flux  of  ct  least  ID  ctl/aq 
cta-aoc  is  introduced.  A  portion  of  this  flur.  is  reflected  and  a  portion 
is  transmitted  into  the  interior  of  the  sample,  subsequently  becoming 
lost  by  conduction  to  the  sides.  The  remainder,  which  is  effective  In 
heating  the  surface,  ic  clearly  comparable  in  erdar  of  magnitude  with 
1.3^  c(T  /lOOO)^  cal/aq  cm- sac,  the  rate  of  radiant  loss  from  the  but- 
race,  if  T^.  the  surface  temperature  (®K),  is  of  the  order  of  IDT 0"  1100 CK. 

(s  in  the  surface  emisslvlty.) 

111.  Addition  of  very  small  proportions  of  copper  chromite,  a  Liark 
powder,  very  greutly  affects  the  low-pressure  limit  (Figure  2),  reducing 
flammability,  while  larger  proportions  promote  flammability.  Other  dark 

fc. 

additives  behave  similarly  .  This  Is  readily  un.derstsndsbla  if  the 
primary  effect  of  a  smell  proportion  of  the  black  additive  La  to  increase 
the  emisslvity  of  the  surface,  promoting  heat  loss,  end  senna  inexplicable 
on  any  other  basis. 

In  view  of  this  evidence,  &  heat- loss  mechanism  for  this  limit 
seems  to  be  established.  Thr  Insensitivity  of  the  limit  to  sampla  slue 
and  to  nature  of  ambient  yea  (nitrogen  vs  helium)  Is  further  evidence 
that  radiative  heat  loss  is  more  Important  than  convective  loss. 

DISCUSSION  OF  raCPAGATIOM  MECHANISM: 

The  reaction 

NH4C104  (c)  — *  HC1  (g)  +  1.5  H£0  (g)  +  0.5  N2  +  .1,25  C£ 

is  exothermic  by  35,3  leal  at  25  - -  -bis  corresponds  to  an  adiabatic 
flame  temperature  (at  constant  pressure)  of  1135 °C.  This  conclusion  is 
modified  slightly  by  the  pressure- dependent  equilibrium 

2  HCl  (g)  +  0,5  Og  — ;  HgO  (g)  +  Cl2 

which  is  exothermic  by  13,7  keel  at  25“C  upon  shifting  to  the  right. 

At  IDO  atm  the  equilibrium  ratio  of  Cig  to  BC1  is  0.11  sad  the  corresponding 
calculated  adiabatic  flame  temperature  is  11.57  "C. 

¥■  ' 

addition  of  0.£5  per  cent  platinum  black  raised  the  lower  limit  from  22 
atm  to  above  120  atm.  Cf.  also  (l). 
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w vxnvla  on*  •.,;<•  cad*ict-gas  arai;  .  i*  ■  •  ;■ 

that  th*  diflag  ^'.loa  reft';*:.'.**.  :  v » -nrily  j»r'-ooi«i  v  ,  - 

librium.  Neve?  teliu  pxcp&gac  <  ,'>'kb  a..-..  •  *«• 

the  abcwt»-in<sic4.i»«\  euergy  it  :i,  >»-i e  ir.  tha  ■iaeafipoaiti.^  '  -  -  v 
IDO  atm.  The  f:  vc  problen  Ait  fcjt  <rr.i*;  >red  i1*  *t>e  e:  tab  list  i- 

osent  ot  the  l«K«ivxin  at  which  t:  air'.t'j  la  lab^ratud. 

The  tvc  mead  possible  :.H.i  .'re  condcnsed-pb****  »ad  gac-phase 
exothermic  react  ua.  Three  ty»  .  of  «rj>«r'Lso-..f  *T  •*.*'  idsoco ,  i  aviewad 
below,  strongly  «  .  jgiit  that  th.  •  iceiit  «a;c  ^u.~.r.rcic.»  euro  in 
the  k.s.u  piieae: 

Z.  It  ha*  b,  -  r.  imwi  (20/  v.  c  - c  oem-  he  a  t  ing  of  annod-s*  chlorate 
produces  sub  lima  tit  n  with  substa  .••'■:».  xecovery  of  recondensed  aat'?i," 
perchlotw^a.  The  >  ■  iglr^il  decof  -liii  •  .nyatal  develops  a  porous  sfcr-v.'.ii're 
which  may  bo  assocl  ar-sd  with  a  f  /  rnf.  sublimation  rate  of  the  ictST- 
moaaic  matter  (13)-  n  *_ha  c  ■  ■  *  „i  is  heated  at  800-430*0  under  an 
inert  gas  instead  o‘  under  .?-;u  ■  a-h  "  ixsation  ia  r»d”ced  end  gaseous 
oxidation-reduction  products  ma  ’  ;i  recovered.  The  rate  of  subliiaMcr- 
increases  more  rapi,  ly  with  int  ■ -.v  temperature  than  the  rata  e£  da-’ 

composition.  These  acts  may  i  *  taoaebly  be  interepreted  by  ajswi.Inc  k 
competition  between  .:**»  proces  v  :  (A)  the  crystal  sublimes  to  NK„.  end 

.i 

UC 10^  vapors  which  o  tfflusa  *wa  aad  raiondeue#;  at  &  d.&o&uit  ii  turir..:-, 
and  (b)  an  oxidation  v^luction  otc.  :S.oa  occurs.  At  the  highe.;  tarn- 
peratures  characters  of  dr  '"Lio?*cuvi  (above  900*C)  direct  g*a-5>*<s..jo 
reaction  of  NH,  and  B  .10^  von'  c  vi^ttwibly  be  quits'  rapid,  ’  .  Cue 

above  facts  imply  tbs:  ;,"-8*ov  oi:'.( 'it  Ic-Ti-reduetio"  reactioti  r  ou-ur 

at  deflagration  tempei  tunes. 

71.  The  rate  cl  isf  ia^r  t.’on  •.*  pure  eunuou^c'o  perr.’-.lir  -a  An.*-  ?t s-.'t* 
with  increasing  pressu  o,  h<j  .i  aL^tn.  T'o Is  de'(ar.d^,,co.  -jutir  *-  in¬ 

sure,  as  well  ao  the  ealstei.  .  c.>’  -  l  .v  f?-evisr.v.'s  limit  ct  i‘  artttVrili- 
is  evidence  that  gas-,.  <50  r  a<-  involved.  Th«  eoflngrolio*.  ra.e 

is  of  the  order  of  one  w/n  a.1*.  }fX-  -t?1. .  1  waa  uunclu^d  in  *.ho  dl  »- 

cussion  of  the  lower  pr.  uur  .  liul.; .  Tia-’v  e>R».31  r®)Vs  burn  a*. 
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.  \7l  m 


•:  *>iOf®!v~ *Jf-.  urtor’1’  *-  '.W'W-m it*  „-i'  .  -ce  ' .  ••■  t'  vsvw 

*{•  ...  r;  lu  ::'*‘r  ri-Uitut:  fV  •.  •><':  .  v/jr  c?.v-  «-!:•  1*  provide -a. 

1M*  is  .ivi-v.  swapavablo  ^u--  v  !-«-.*  ’  tu:  vt  ueafc  loes  ireas  ch« 

surfse^.  If  tha  sJef iagTS  tiaa  wvre  purely  &  fuirlaca  and  not  e  gas-phase 
pheiicaxuion,  0.-20  would  aspect  the  dcf  la •jrati.rt  rat-i  attained  afc  etKO- 

otoe-ati.-.-'.  witi>  euch  *o.  ?rc£dl»at  radJua?.  fin?.  «a  *?«  ei  C’o*  -iKCvr 


is  l/4o  of  this*  It  dare  act  cftt?-'. 

f  .,,1,  «.;o«*»w  _.  tbl«  -\„-  diffe: -ir.o.  Vt  -«to  uureo.  ?xohhes.*ir. 

V  *'*■.’•*  v»  .'i’.-nx  art  iioyolved.  Finally,  caa  u,.'.;Aa  l.'-ca  in  7!.S'1  X 
x  .v.<w  •  .  •»  .  •  pv,  01*  o»i*,  or  a  J  .rec.t  psrc^orfcl  county  burning 

-.art  cit’tv  .  rva.  *c  i*  anally  shown  t!ut  this  behavior  -jOwcapAidn  to 

.»  iact.. '...-v  .?'&■?;  *  reaction 


V7Xv  uba  *u.  •.•  .’..’■•w.iwras  deduced  f.ruu  intensity  of  sutfac-a- 

.AAitte-1  v.e.dljif. Cj.>.  .s'* It.  ‘  %  Vhe  juv£*cc<  !:«cparature  la  fca?«r  toe 

finsl  saa  ce^.at.-  '.ur^. 


Theva  ass.-vna«%.  wwo  ;-i:har,  sece»  nm-rfMOjaf  enough  £** 
provxda  a  N*«,<s  -for  <  wc  ■.  ’v.  hect.  £r*  She  go* 

phase.  The  pnrt>c.  yoTevyM*''  ’>■  .  '  \mW  hco  bean  .fcMtiisjd  in 

Appendix  B. 

Xhvi  o9x&  proh.  ?.«.■  V  :t\‘,  -*  ...  >  ’holhe:'  the  median;1  sa  cf 

;hw  vaporisation  proves*  Airin'  >  <  V^x^r../  .1  *  -  -.<v  i ■•■:.>,? *rly  bo  described 
oc  a  thermodynamic  or  a  kitv.tic  ■>:.'...  .u  ■' v  oyuilibrium 

exleto  betvean  solid  ».nd  vk,' i*  'i*  .  0 f Xcs>ut  -'  w<  the 

i».t«  of  condone* ftiica  being  oa*r  ,  v.  'atge  -  th.  *.••<•'*  -  j  •  v  v)'?.onP 


and  tttn  net  n»  ci  .’olatilif at.v..  buv-?  cJetiv.aXnod  i\  a  - 

rupply  of  heat,  •ft**  Kinetic  •».ec.ltwi«a  in  bm-»A«i  of  jn.  ’vspMi.'u.  v./s»  .,  - 
an  fact  V:  t.an  u<  M»:  p  revail £ig  .a  tetpatatMT*..  -n-i  tSu- 

rat^-i-^'ltinr, ,  1“  the  letter  e  vaa,  tin  cato  vadd  bo  «!ot<&  ismod  ■  /  ••.i-r 

surface  tatfperasswo  vitlsh  in  «vn  -.itul  '  be  b5»»  ••rsef  by  c  !-®rc  V  wv». 
In  both  cases,  thee,  the  cadolhnrc  t<twc  X'<  ^iniceuly 

limited  by  the  rate  of  heat  If  e»ti.r.wi'  ctdir:,'  f>n-..rgy  were 


added  to  tl».  Is-rtrir 


4  «•»  *••  ‘  A i, >T_. * 


-:\c  tc;:rc2vi.?  ia 


Ltber  c‘-i 
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«a;  ri  io.  '"'.ij  fcwviud. 
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ntr  •'vJCBidor  tlv)  Becorulery  .•«»  rub)  t1  e  added  beat  uImr  the  flams 

tertff;-r«ture,  he.n-.e  the  qac-soua  re^ct  -r,  c  ,i.  ,  «±ad  ultimately  Cue  atftspuG«,a 
of  tho  temperature  gradient  sr.d  t ».»  .cxVus.i*  i  heat  flux  to  the  surface 

Another  question  c."  imp>r,  'uoa  ;'  :  h®  r5te  of  tho  hypothesised 
?eactlCT.«  sotr*  r  «y-i  --T  *  -  j .  l-q  n^y  ^  made  a*  follows  : 

At  700  r>ta,  when  the  de51».j(rot.lo  /r.*e  So  :ai  £m/$?c.  it  la  readily 
oa  -./a  latad  that  a  beat  f  li^  j  V  ct.'J/uq  .m;  nee  in  roqulrnd  to  supply 

ft  « anc.-hlfj  beat  ni  ?*5  V  •ii/ru'1'i  ;?  f:  7  rlsa)  and  a  ho  'I  of  sub- 

:-k  o>  $6  •'«.  .-^...  ‘  :r-  ;r»  xi.  it  the  theujiA  vcn~ 

♦'l*'  **-<y  the  g*«  yvist  above  '■*  <  rx £<tr<s  A*  0 .10016  esl/aq  ae-sen-  'K 

’iJated),  tb/w  die  .1  ..  adluat  /  <■  vie  gaa  phase  required  to 

protfwsj  this  h?At  i. "x  .  j:  x  ’  °K/V.n^  A'.iaje  the  total  temperature 
vriria  t»*i  the  gee  phase  cannot  be  lnt.  ^x  ti.v.  X-  v  «u',d*td  degrees,  the 
flints  thiokoatj?  must  be  of  ft!»  order  of  3<l“>  <..&  sir,  ;*«,.•  ecr.  For  radiation- 
aosilate*?.  deflagration  at  t-  Jccospharc,  v'/.jj;  f  n-s  daflagr  t  ’.on  r»*»  <5 
O.of1.;;  ca/secy  the  s.-«m  a*  aotnw  'x  i  b  «.‘>n  'ibwo  yr#':edara  vc-jld 

bft  J  ->0.02:5  or  '*)  ctsaa  AO  chicfc,  Whlbh  a.*  .«  Icrons. 

DIE  ■:',•■■ -V^HSM  OF  C4IALY-S.; 

The  prlrsrry  tw.t-.tion  or  a  catalywv  «-o  topper  chrocuito  is 

'  -  ■■'- o<i  tc#  be  che  MjjBsfff'uSiLwi  of  tho  gajfcoui  :*i.  ctiaa  rj<  In  the  sooe 
jU,  ibov*  the  surface.  2Ui»  effect  is  striking/  ihown.  !.■  Agure  3,  and 
Is  Lao  evident  #e  isotherm}  deccmpoeitlon-cntx  ;<  parin  ta  ,  »‘.t  200-300 #C 

(ir  , 

dawaver,  the  catalyst  vis  eras  tc-  oosiaess  a  fae,'/.  f ,  -  :tlon  ae- 
8vV-.  r  ad  wl£h  its  ability  to  ubs/>ro  and  erilr  rad-sK'  eacr.i  n  which  Is 
pa ..  i:iculft?.ly  l«y.yrt*at  when  tfeo  catalyat  c^ocanti  v  rm  is  ow  or  whan 
a  r.  \  "sa  external  radiant  flu-/;  Is  present,  tfca.  tr-Mi  v  ,if  i  in  Figures 
2  u.d  5  havs  already  been  tisctceaea  frees  «»<*-.  v#.e,  pi  br.£ 

The  apparent,  axtreca  thlnnaos  cf  rfw,  gvn v  ■  ^  nii'ctlon  tone 
-;!)  £»*>  Already  been  diecueaed  has  0  bcarlri,?  cn  >■:•■  c.’.v  Aniss  by  which 
'  !  -  r  brticJ.es  are  effective  in  augmeutlng  the  <W .  ?”.a; '. -scion  rate. 
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7t:  h.'«£Ub  -vauooa'ule  chat  the  primary  affect  or  the  catalyst  particles 
must  be  to  increase  the  rate  of  the  rate-controlling  gaseous  reaction. 

If  the  reaction  son?  were  eub«ta»iti/ii«.y  thicker  than  the  catalyst 
partible  diameter,  the  catalytic  effect  would  occur  as  the  gas-borne 
catalyst  particles  are  carried  through  the  *w.«s  However,  the  catalyst 
particles,  of  tha  order  of  2jD“3  cm  diameter,  are  roughly  100  times  as 
thick  as  the  react  loo  sol-c  at  ICO  atm,  end  hence  would  be  effective  while 
still  partially  embedded  in  ammonia  perchlorate.  This  would 

hev*.  two  consequences.  In  the  first  place,  the  catalyst  would  move 
through  tha  reaction  aone  at  the  solid  velocity  rather  than  the  much 
higher  gne  velocity,  and  thus  the  catalyst  would  have  a  looser  time  to 
act.  In  t*±=  second  place,  the  augmentad  beet-release  rate  around  each 
catalyst  particle  would  causa  local  pockets  to  U>  burned  into  the  per¬ 
chlorate  which  later  flatten  out,  the  over-ell  higher  deflagration  rate 
being  associated  with  this  process.  This  deduction  suggest?)  that  needle- 
like  catalyst  particles  crier* ted  normal  to  the  burning  surface  should  be 
highly  effective. 

The  "vottn-ho'  ing*'  mechanism  by  which  catalysts  may  act  when  a 
sufficient  radiant  flu):  is  present  should  also  be  discussed.  In  this 
taachanisie,  &  catalyst  particle  below  the  surface  is  heated  by  radiant 
energy.  It  is  certainly  possible  that  such  effects  may  be  important  for 
propellants  with  vary  'nigh  flame  r-unparatur<3B  and  corresponding  Intense 
radiation  emission.  Howaver,  several  arguments  may  be  put  forch  which 
suggest  that  there  is  no  need  to  invoke  this  effect  In  explaining 
presently  described  exparit’antfl: 

I.  (Then  catalyzed  ammonium  perchlorate  deflagrates  at  elevated 
pressure  without  externally  added  radiation,  the  products  are  not  very 
hot  (930 °C),  no  the  radiant  flux  emitted  would  be  relatively  low.  Yot 
the  deflagratlcn  rate,  of  the  order  of  five  cm/sec,  is  comparable  to 
that  of  energetic  propellents  in  which  ammonium  perchlorate  is  the 
oxidizer,  and  which  have  far  higher  f lama  teaperaturan  and  corres¬ 
pondingly  sore  intense  radiation  fluxoo.  Henna,  radiation  cannot  be 
too  Important  as  a  rate-controlling  process  in  elevated-prey sure 
deflagration. 
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II.  The  burning  rates  of  ammonium  perchloretu-beeed  propellents 
sm  At  Ui&at  roughly  the  same  in  l»iHo  rockets  eud  In  small  strand 
burners,  although  Ihe  radiation  environment  is  grossly  different. 
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FiG.  I  VARIATION  OF  DEFLAGRATION  RATE  OF  PURE 
AMMONIUM  PERCHLORATE  WITH  PRESSURE,  AT 
25 *C  INITIAL  TEMPERATURE 
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I  FIG.  2  EFFECT  OF  COPPER  CHROMITE  CONCENTRATION 

.  ON  PRESSURE  LIMITS  OF  DEFLAGRATION  OF  AMMONIUM 

J  PERCHLORATE  INITIALLY  AT  25*  C. 
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FIG.  3  EFFECT  OF  COPPER  CHROMITE  CONCENTRATION 
ON  AMMONIUM  PERCHLORATE  DEFLAGRATION  RATE  AT 
204  ATM  AND  25®C  AMBIENT  CONDITIONS 


FIG.  4  APPARATUS  FOR  STUDYING  EFFECT  OF 
IRRADIATION  ON  DEFLAGRATION 


INCIDENT  RADIANT  FLUX  (CAL/SQ  CM-SEC) 

FiG.  5  EFFECT  OF  INCIDENT  RADIANT  FLUX  INTENSITY  ON 
DEFLAGRATION  RATE  OF  PURE  AND  CATALYZED  AMMONIUM 
PERCHLORATE  AT  ONE  ATMOSPHERE 
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APPRNDIZ  A 

Ha  toil?  of  Surface- Taopcrature  Heasuremantfc  end  Calculations 


I.  Film  Deualtumetry 

On  September  13,  1957,  a  aeriaa  cf  seven  snapshots  of  a  ref¬ 
erence  body  at  various  temperatures  and  two  snapshots  of  turning  strands 
were  taken  and  developed  together.  Dens itous trie  measurements  of  the 
reference  body  are  tabu]  t» ted: 

X  ("C)  Denali;:  (arbitrary  units) 

650  0.62 

700  1.40 

750  2.15 

ry -  ^  -,l. 

>-AAJ  *-•  J*t 

850  2.47 

900  2.55 

959  2.70 

(The  reference  body  is  a  stairless  steel  tube  heated  by  electrical  re¬ 
sistance,  the  outer  surface  eirtg  coated  with  Bureau  of  Standards  Ceramic 
Glaze  A-4l8.  The  temperature  was  measured  with  a  chromol-clvmel  couple 
within  the  tube.  A  ch.  o k  cr  ‘he  validity  of  this  measurement  wat  obtained 
by  applying  a  imperial  of  known  melting  point  (:il6aC)  to  the  outside  of 
the  tube.) 

The  two  strand  photographs  taken  together  with  the  shove  cali¬ 
bration  were  found  to  have  densities  of  1;65  and  1,80,  corresponding  to 
apparent  temperatures  of  715 and  725 °C .  (These  would  be  true  tempera¬ 
tures  only  if  the  emissiv’ ties  were  the  same  for  the  reference  body  and 
the  strand  surface.)  All  photographic  conditions  were  the  same  for  the 
calibration  and  the  deflagration  photographs  except  that  in  Cititt  C«Sa 
there  was  air  at  atmospheric  pressure  in  the  optical  path  and  in  the  other 
caea,  nitrogen  at  500  psi  and  combustion  products. 

In  a  second  series  of  photographs  on  September  .17,  1957 ,  con¬ 
sisting  of  three  calibrations  and  two  deflagration  photographs. 
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callbraticT.1  valuou  wore: 


T  f 

-  \  W 

Density  (arbitrary  units) 

700 

1.20 

750 

1.50 

000 

1.90 

(these  values  ate  seen  to  differ  slightly  frun  the  earlier  calibration.) 
The  two  &  trend  densities  were  each  1,60,  corrocp ending  to  apparent 
temperature a  of  730  and  730 “C. 

II.  ? liter  and  ?ilm  Charact-trljtlcs 


Kodak  suppJ lee  the  following  data  for  spectral  sensitivity  of 

their  high- spaed  infrared  film: 

Wavelength  (microns) 

hug  sensitivity 

O.65 

O.60 

0-70 

*.  n  ,  7«; 

0.75 

+  0.8c 

0.80 

+  0.9? 

0.85 

+  0.90 

0.90 

+  0.10 

0.93 

-  1.00 

0.97 

-  2.00 

Thua  the  sensitivity  is  roughly  a  thousand  times  as  great  at 
0.80  micronr  as  at  0.97  microns. 

TlsaJ  vWAUail^  7*69  filter  which  vas  used  transmitted  aa  follows, 
according  to  Corning: 

Wavelength  (microns)  Transmittance  ($) 

0.20  -  0.70  0 

0.71  0  + 

0.72  6 

0.73 


25 
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0.74 

45 

0.75 

65 

0.80 

0*. 

KJL,' 

0.Q5 

80 

0.90 

71 

0.95 

57 

1.00 

35 

15 

1.1D 

5 

III.  Calculation  of  Upper- LlmH:  Temperature  from  Apparent  Tsaperature 

Sloes  chs  OBlssivlcy  of  ‘he  strand  surface  Is  unknown,  one 
can  try  to  estimate  upper  and  lower  limits  of  amiaeivity  tw  enwarim 
with  other  materials.  Only  the  l<*rer  limit  of  csiusivlty  a ay  he  esti¬ 
mated,  however,  since  th*  upper  linlt  ic.  the  spectral  region  of  interest 
nay  he  af  fee  fad  by  chenriltsuina  seance  In  an  unpredictable  way. 

McAdams  (« )  lints  the  following  total  emisaivltJes  for  noometals 
at  800°c  (l470“F): 


Nickel  oxide 

0.66 

Aluminum  trioxide 

0.27 

Cuprous  oxide 

0.66 

Magnesium  oxide 

0.22 

Iron  oxide 

0.87 

Thorium  dioxide 

0.22 

Silica 

C.45 

Zirconium  silicate 

0.55 

Magnesite  brick 

O.38 

(1832^) 

Carborundum 

0.92 

(i850°f) 

Building  brick 

0.45 

(1832°?) 

Firabrick 

0.75 

(1832  “i’} 

Carbon 

0.‘5j 

(ijoo^f) 
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Ho  velurj  1*  below  0.2,  »o  this  is  taken  as  the  lower  limit.  It  is 
assumed  that  these  values  for  total  amiaelvlty  are  applicable  to 
spectral  ealssivity  in  the  vicinity  of  0.0  eicreas. 

The  total  ealssivity  of  the  ceramic  coating  on  the  reference 
body  has  fessa  measured  by  De  Corao  and  Celt  (ASKS  Trans.,  77,  1109  (1955)  ) 
as  0.09  at  725*C.  The  assumption  will  ba  mfo  that  this  is  a  grey  body. 

The  following  aspreesien,  which  fellewa  at  onca  fras  Planck.' c 
law,  was  used  to  calculate  the  temperature  of  the  perchlorate  aurfaca 

•-R  ^  wOw  Miwtt 

•  vt*  (l.J*39/>Jx)  -  1 J  -  e^/j^esp  (l.^***)  -  \\ 

Here,  s  X  ia  spectral  <amlsslvlty;  X  i#  wave- length  (es),  T  is 
temperature  (*K)  and  sub scrip to  x  end  &  refer  to  unknown  and  reference 
bodies.  As  diccussed,  <:  X#  is  taken  as  0.2  rad  c  Xj.  as  0.09*  TR  is  taken 
as  990  *K  (725*C),  the  average  oj  the  above*  described  four  data  poi»  ts. 

The  wave-length  X  is  taken  as  o  X  10”^  cm  (0.0  micron)  on  the  basi  s  of 
tha  filter  and  f  1,1m  cut-off  charecteriotico,  ;h5*e  rbeee.  (A  calculation 
shews  that  a  ten  per  cent  error  in  choice  of  were  length  would  cause 
only  a  one  per  cent  error  in  tappers turn . ) 

With  tha  above  values,  cornea  out  to  ba  015*0. 

Measurements  and  calculation®  for  other  films  and  filters  were 
handled  similarly  end  will  not  ts  detailed  hare,  sines  no  quantitative 
conclusions  were  based  on  them. 
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APPENDIX  B 

A  Mathocfttlcal  Model  for  a  Deflagrating  Kcsstgcncsus 

Aolid  Propellant,  Including  an  External  Radiant  Flux 

The  Model:  It  1»  assumed  that  a  one- dimensional  hoecgsneous  solid  (which 
might  be  aamonlun  perchlorate,  as  discussed  In  this  report)  sublimes  at  a 
surface,  the  vapor  reacting  exothermically  above  the  surface  with  a  re¬ 
sulting  feedback  of  heat  to  the  wirftM,  Steady-state  regre*#!®'!'  of  the 
surface  results. 

This  model  would  also  be  applicable  to  a  liquid  moncprsp  silent 
which  vapor  leas  and  reacta  exothermically  In  the  vapor  phase  Just  above 
the  sue face. 

When  tiie  gas-phase  exothermic  react  let:  £er  sue  h  a  process  i5u- 

not  be  described  quantitatively  from  a  priori  knowledge.  Its  rate  may  be 
described  formally  in  seme  fashion  with  adjustable  perimeters.  We  choose 
to  do  this  in  the  simplest  conceivable  way  so  as  to  pcru.it  straight-forward 
analytical  aolutlona  to  the  resulting  differential  equations  describing 
tnc  model.  Let  the  rssccloo  rate  be  aero  below  an  Ignition  cnnaurbcurc. 

T^,  which  is  greeter  than  (av  in  e  special  case  equal  to)  tbs  surface 
temperature  T(,  Above  the  reaction  is  assumed  to  proceed  at  a  con¬ 
stant.  rate  q  (cal/cu  cm-sec)  until  the  reactants  are  consumed. 

With  this  model,  reaction  rate  is  independent  of  reactant  con¬ 
centration,  ao  that  molecular  diffusion  In  the  reaction  sons  need  not  be 
considered.  Heat  Is  conducted  from  the  reaction  sons,  through  the 
gaowfote  preheating  sons,  end  to  the  surface.  The  heat  flux  across  the 
interface  is  Aq,  where  A  is  the  burning  rets  (gm/sq  cm- sec)  end  Q  ie  the 
jjub  of  the  hast  necessary  to  raise  the  solid  from  ambient  temperature 
to  surface  tanperatvra  T#  and  the  heat  cf  eublteation.  As  an  optional 
feature,  an  external  radiant  flux  q^  (cal  tq  cm- sec)  my  be  assumed  to 
pass  without  absorption  through  the  gases  and  be  absorbed  at  tho  inter¬ 
face;  a  negative  value  for  q^  would  correspond  to  radisnt  heat  loss  from 
the  surface  to  the  surroundings,  the  gas  Immediately  above  the  surface 
spaln  being  transparent.  The  sketch  In  Figure  B1  staartriaea  the  moffcl. 
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The  mathematical  behavior  of  Che  model  will  fir  at  b-j  developed 

fez  ^  eqxiel  so  sere,  and  then  far  either  positive  or  negative  values  of 

V 

ifatheattlsal  Ralatloashlpa  (No  Radiation);  ”=  assume  that  the  gas  thermal 
conductivity  X  and  laobarlc  heat  capacity  ere  Independent  of  tanporature. 
The  coordinate  syahem  ie  chooen  to  move  with  the  aolid-gas  Interface,  so 
that  S(sc;  is  tun- invar  lent  „  Accordiaslv,  ihs  differential  equation  ex- 
pteaaing  conservation  of  thermal  energy  in  the  reaction  aooa  la 


.  dT  .  „  dl  , 
X~2  ‘ACpto  +  q 

OX  ^ 


(hi) 


The  boundary  conditions  on  the  downstream  side  of  the  reaction  «me  are 


T  «*  T  £  and  ^  »  0  when  *  *  *g 


(B2) 


Since  X  is  constant,  equation.  (Bl)  la  readily  integrated  with  boundary 
condition  (B2)  to  yield 

-  (  4C  (*  ■  *-)/X  «  t  j  . 

T  -  rt  -  \  *  p  +  T*  (*f  •  *)  ’  y  (B3) 


and 


|  a  c  (x  -  *J/X 

S.  .  -S-  x-.  »  * 

dx  at  €■  ! 

p  — 


(b4) 


In  the  gaseous  preheat  acne  (between  Tg  and  T^)  the  equation  for  con- 
carYfttion  of  energy  ia 

d*Tf  •  dr 

-  nCpdTx 
dx 

The  bctindary  conditions  on  the  upstream  side  of  this  ::og»  ere 


T  -  Tb  and  X-g 


Q  at  x  -  x„ 


(25) 


(b6) 
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Integration  of  (B5)  with  boundary  conditions  (36)  yields 

f  - ;  o  ♦  c,,<T  -  vj  < 

At  the  i tuition  place  x  -  x^,  where  the  gaseous  preheat  zone 
diiocribed  by  equation  (B7)  and  the  reaction  zo£*e  described  by  equation 
(ik)  meet,  dl/dx  must  be  continuous  if  a  steady  state  e^ntc.  Hence, 
(»h)  and  (B7)  may  bo  equated  at  this  plane,  yielding 


r  o 

Q  +  C  (Tj.  -  Tfl)  iTCp/Xq  -  1  -  e 


-a  ) A 


It  is  possible  to  8i-i!plify  this  equation  by  eliminating  the 
quantity  ae  follows.  The  over-all  energy  balance  of  cno  flas* 
may  be  written 


q(x,  -  x.)  «  m  !  0  +  C  (T_  -  T  ) 

f  i'  l  P  f  o 


The  reaction-rone  thickness  x^  -  x^  may  be  eJ  in',nated  between  equations 
(38)  and  ( r>9 ) ,  This  introduces  a  now  parameter  T_.  of  course,  but  this 
is  readily  evaluated  iii  any  Lc  case  from  thcnnoJynamic  considerations. 

The  resulting  equation  can  be  expressed  most  eoopaotly  in  dimeneionlass 


fona: 


whore 


a(l  •»  p)  -  X  -  e"^1  +  r) 


(CIO) 


c:  -  m  c  Q/Xq 
v 

P  ~  C  (T<  -  Tj/Q 

p  4.  O 

T  «  c_(t*  -  t  )/q 

p  a  a 

Equation  ( BUO)  permits  calculation  of  the  burning  rate  ra  when  the  other 
parameters  ore  known.  Since  equation  is  transcendental,  it  is  not 

possible  to  express  m  explicitly  as  a  function  of  the  other  quantities. 
However,  an  inspection  of  the  dimens ionless  groups  shows  at  once  that 


m  «**  (Xq) 


(BIX) 


tic  Rt»tA»cw  CoNAniATiaN 
ACiXAND»IA,VI(.0!NIA 


-  £->  - 

Au  exact  quantitative  description  of  the  relatione  between  a,  ft  end  r  Is 
given  in  the  following  table,  which  might  readily  be  extended  by  further 
computations ; 


(l  +  r)/(  l  +  ft) 

a(l  +  ft) 

1.00 

0 

1.05 

0.1 

i.u 

0.2 

1.19 

0.3 

l.aS 

O.h 

1.39 

0.5 

1.53 

0.6 

1.72 

0.7 

2.01 

0.8 

2.56 

0.9 

00 

1.9 

For  the  special  ceee  where  r  1®  small  cempered  with  unity,  equation  (filO) 
toiy  he  expended  in  good  approximation  according  to 


This  yields  the  asyspototlc  exprstslcu 

n  i  2(r  -  P)/(l  +  r)Z  fo?  yco  (B12) 

Mathematical  Relationships  (Radiation  Included):  An  externa),  radiant  flux 
Hg  (cal/eq  cm- sec)  is  assumed  to  be  incident  on  the  solid- gas  Interface 
end  to  he  entirely  absorbed,  without  reflection  or  re-radiation.  A 
negative  value  for  qR  corresponds  to  radiant  heat  loss  from  the  interface 
to  infinity.  Equations  to  describe  the  foregoing  model  with  this  additional 
feature  will  be  developed. 

Equations  (Bl),  (B2),  <B3),  (b4),  and  (B5)  are  still  valid. 
However,  Tf  will  obviously  be  a  function  of  q^,  according  ta  the  relation 

C  (x.  -  T  )  «  0  (I.  -  X  )  _  +  q_/»  (813) 

p  f  sr  p '  f  •  vg  **  0  Tt  '  J/ 
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This  is  based  on  the  assumption  that  Q  is  independent  of  V 

Instead  of  equation  (B6),  the  boundary  conditions  at  x g  become 

(B14) 


T  “  Ts  +  qR  ■  “  Q 

Integration  of  (Bj)  with  boundary  conditions  (Blk)  gives 


s  - ;  iv*  *  v  +  q 


*"S_ 


On  squalls*  (P.4)  <tu-f  (&i$)  »  one  obtains 
C 

P 


I  -  e 


-m  C  (x  -  u.)/X  r 

p  *  1  «  Q 


C  (T,  -t  )  - 

p'  x  8 


% 


•  2 

m  C  /qX 
P 


The  over-all  energy  balance  now  is 


<l0 


-  *i>  +  «*R  "  *  [s  +  Cp(Tf  •  V] 


(B15) 


(aifi) 


(B17) 


One  can  eliminate  T^  between  (B13)  and  (B17)»  and  then  ellrainste  ( x ^  ~  2^} 
between  the  resulting  equation  and  (Bl£),  finally  to  obtain 


where 


and 


a{l  +  @  -  0) 

~P'C£ 


r  -  cJt*  Tj„ 


1 

•'V0' 


-a(i  +  r) 


(310) 


O  n  qR/m  Q 


Equation  (aifi)  is  seen  to  be  Identical  to  equation  (Bio)  when  p  in  (BID) 
is  replaced  by  p-o,  and  the  previously  tabulated  solutions  are  valid  on 
this  basis.  It  should  be  noted  that  a  contains  q,  which  one  would  ex¬ 
pect  to  be  a  function  of  (T±  +  Tf)/2,  while  Tf  la  tufa  is  s  function  of 
q.R,  given  by  equation  (0I3).  It  is  not  appropriate  here  to  speculate  on 
the  functional  relation  between  reaction  rata  q  and  teunaraturc,  but 
obvi msly  any  daaired  function  may  be  Introduced. 

To  sursiristfi  we  are  essentially  taking  T^  and  q  to  vary 
with  q_,  while  T.,  X  ,  Q,  and  C  are  assumed  independent  of  q  .  This 
choice  la  purely  arbitrary;  the  other  quantities  could  obviously  be  ex¬ 
pressed  fle  f “zctlvuo  of  i|,  aa  uu8  vi>su6fl|  at  the  cost  of  incrsaslis 

A 

complexity. 


3 

1 
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A  qualitative  uaderst*nel.cg  of  the  affect  of  the  radiation 
parameter  a  may  be  obtained  from  Figure  Bi?„  which  Is  e  plot  of  a  ve 
(P  ~  a),  for  parametric  values  of  7  frcs  car©  is  infinity.  It  is  seen 
that  the  buraing-velocity  parameter  a  incroesae  with  increasing  a  and 
decreases  to  aero  for  sufficiently  large  negative  a,  corresponding  to 
extinguishment ,  tk«  laatksnefcienl  condition  for  extinguishment  ie 

r^3  -  a  (519) 

Physically,  thi»  m.:  «-bat  rh*  radiant  heat  loae  (negative  or)  is  suf¬ 
ficient  to  reduce  below  T^. 

Approximate  relation  (B12),  valid  for  smll  f,  ew  becomes 

,Xi  and  ®«1  (Bao) 

y«L  ana  a<<l  (R21) 

Approximate  relutloo  (B21)  ie  interesting  in  that  it  might  be 
tested  experimentally  if  the  variation  of  q  with  o  were  known. 

at 


ai  2(o  +  r  -  p)/(l  +  r)‘ 
It  follows  that 


*  r,P  (l  +  r)‘ 


Wccegclature 


P 

Q 


q 

X 


«=  burning  rets  (gm/eq  cm- jec) 

*  specific  heat  of  gas  at  constant  pressure  (cal/gta-*C) 

«  heat  of  eubliaetion  plus  sensible  heat  needed  to  raise 
solid  from  ambient  to  surface  teaperata*&  (cal/gm) 

»  radiant  flux  to  or  from  surface  (cal/aq  ca-oec) 

«  rate  of  gaseous  exothermic  reaction  (cal/cu  cm- bee) 

»  therasl  conductivity  of  gas  (cal/cm-k.oc-’c) 


»  surface  temperature  ( °C) 

=■  ignition  tenpei  ature  (*c) 

«*  final  flam*  tatipezature  (°C) 
o.  y  -  dlmenslonles.t  group- 
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Figure  BI.  Model  of  Solid-propellant  Flame. 


I 

i 


i 


ionleas) 


Figure  B2.  Numerical  solutions  of  oquaHo« 
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